Abstract: We propose a blind modulation format identification (MFI) method based on direct-current (DC) component for coherent receivers. The DC value is affected by the distributions of received signal's modulated phase and amplitude. A monitoring factor R is defined as the ratio of DC value with and without phase rotation of a partial received signal. Simulation and experimental results for three commonly used modulation formats QPSK, 16-QAM, and 64-QAM demonstrate that the proposed MFI method can perform an identification with lower optical signal-to-noise ratio values than 7% forward error correction thresholds. The proposed MFI method needs no extensive training process and can tolerate the phase noise and fiber nonlinearity.
Introduction
With the growth of global IP traffic due to emergence of various new applications, optical networking is expected to evolve from current fixed architecture to an adaptive and flexible architecture [1] - [3] . Therefore, hitless coherent transceiver has become a hot topic and attracted research interests, due to its ability to increase the spectral efficiency and change the modulation format according to traffic requirement. 2015, a set of techniques to enable hitless rate switching for QPSK and 16-QAM signals were introduced [4] . The flexible modulation format switching enables hitless rate switching. As some digital signal processing (DSP) algorithms such as adaptive equalization and carrier phase recovery are modulation format dependent, a blind modulation format identification (MFI) before modulation format dependent DSPs stage is necessary to reconfigure the DSP for coherent receivers.
Up to now, several MFI schemes for coherent receivers have been proposed. 2015, Bilal et al. introduced a MFI method based on the evaluation of the peak to average power ratio of the received samples [5] . However, different thresholds need to be established at a particular optical signal-tonoise ratio (OSNR). Recently, techniques from machine learning (ML) are a hot topic and have been applied in optical communications [6] , [7] . MFI is also implemented with ML methods [8] , [9] , which need huge calculation or extensive training process. MFI can also be achieved by mapping the signal to the Stokes space [10] - [14] . In [15] , a MFI method using nonlinear power transformation was reported. The digital frequency-offset loading technique at the transmitter side was reported in [16] . MFI is also performed based on iterative partition schemes and calculating the peak to average power ratio of the corresponding spectra [17] . But iterative partitions are not needed in our scheme. MFI based on differentiating the cumulative distribution function was reported in [18] . However, in ref. [18] , to maintain a 100% correct probability, the launched power should be below −2 dBm. This indicates that the fiber nonlinearity affects the distribution of amplitude and hence deteriorates the classification accuracy.
In this paper, we propose a blind MFI method for coherent receivers. By calculating the ratio of direct-current (DC) value with and without phase rotation of partial received signal, simulation and experimental results for three commonly-used modulation formats demonstrate that the proposed MFI method can perform an identification with lower OSNR values than 7% forward error correction (FEC) thresholds. Extensive training process is not required in the proposed MFI method. The tolerance of some key parameters, such as laser phase noise, frequency-offset and nonlinearity, have been characterized.
Principle of Proposed MFI
The DSP architecture with proposed blind MFI stage is depicted in Fig. 1 . chromatic dispersion (CD) equalization, timing recovery and constant modulus algorithm (CMA) are modulation format independent and we can use the fast Fourier transform (FFT) based frequency-offset estimation [16] - [19] to obtain frequency-offset for most commonly-used modulation formats. In ref. [20] , FFT based frequency-offset compensation can be applied before the MFI stage.
The samples after frequency-offset compensation can be expressed as:
m n = A n e ja n is the complex modulated signal, A n is the modulated amplitude, a n is the modulated phase, θ n is the laser phase noise induced by the linewidth of carrier and local oscillator (LO) laser. The length-N FFT of complex modulated signal is shown as
When k = 0, the DC component M 0 can be described as
For QPSK signal, A n e ja n can be considered as a discrete-time random process [green point in Fig. 2(a) ], so M 0 = 0. However, A n (e ja n ) 4 becomes constant for all n [green point in Fig. 2(b) ], and its mean [blue point in Fig. 2 (b)] can be described as
The value of r 1 is affected by the distribution of modulated phase and amplitude. It should be noted that the amplitude is without 4th power transformed. That is because the amplitude distribution is varied for different modulation format, especially for 16-QAM and 64-QAM. The constellation points with larger amplitude after 4th power operation will have greater impact on DC values. If the parts of received data are rotated by a fixed angle [red points in Fig. 2 (c)], and its mean after 4th power [blue points in Fig. 2(d) ] will be changed as:
A n e j4a n e j4ϕf(n)
Where ϕ is the rotation angle, f (n) equals one when the amplitude of data varies from z 1 to z 2 [see Fig. 3 (b)] and zero otherwise. The ratio between r 1 and r 2 can be expressed as
shows the probability density function (PDF) for different modulation formats. Considering the minimum PDF for 64-QAM is 1/16, the data are sorted according to the amplitude and divided into sixteen parts [see Fig 3(b) ]. The number of data in each part is same. Proper parts will be chosen as rotation region and the location of rotation region is represented by the initial rotation region. For example, if rotation region is chosen from sixth part to ninth part, the initial rotation region will be six. Because other parts also should be chosen as rotation region, the initial rotation region is sliding variable.
For different modulation formats, the R values are different after choosing the proper rotation region and angle. It should be noted that we do not change the continuity of samples in time 
Simulation Results
We use the VPI transmission Maker 8.6 to carry out simulations. The system architecture is depicted in Fig. 5 . The transmitter generates three commonly-used modulation formats QPSK, 16-QAM and 64-QAM at 28 Gbaud. The transmitter laser is set to 1550 nm with 100 kHz linewidth. Then, the output of optical signal is amplified to 0 dBm and launched into an Erbium-doped fiber amplifier (EDFA) based recirculating loop which comprises of 100 km standard single-mode fiber (SSMF). The OSNR of the transmission link is controlled by the Set OSNR module. After coherent detection and digitization, the DSP is performed. The length of PRBS in the simulation is 2 15 -1. In order to calculate the probability of correct identification, 100 independent data sets are carried out for each condition, which means that pseudo-random bit sequences (PRBS) seed is different for each time.
By fixing the rotation angle as ϕ = π/4 for 1/4 part of the sorted samples from sixth part to ninth part, the theoretical values of R for QPSK, 16-QAM and 64-QAM are 0.50, 1.44 and 0.84, respectively. Fig. 6 shows the values of R of back-to-back (B2B) received data without phase noise. We use one set of data to calculate the factor R. 4096 offline symbols are used for MFI. The results get closer to their respective theoretical values when OSNR is greater than 12 dB. MFI can be performed by setting different threshold values of R, R1 = 0.65 and R2 = 1.18 (parallel dotted lines). Considering the R value is not stable due to Gaussian noise for a fixed OSNR, 100 independent data sets are used to calculate the probability of correct identification.
First, we investigate the laser linewidth tolerance under B2B system. The results with different laser linewidth are plotted in Fig. 7 . The 7% FEC thresholds for 28 Gbaud QPSK, 16-QAM and 64-QAM are illustrated by the vertical dotted lines [14] . It makes sense to distinguish modulation format when OSNR is larger than the threshold. For example, we should distinguish 64-QAM when OSNR is greater than 24 dB. It can be seen that high amplified spontaneous emission (ASE) noise will have an effect on the probability of correct identification. However, the proposed MFI method can achieve with lower OSNR values than their respective 7% FEC thresholds when the laser linewidth is 100 kHz and 200 kHz. Comparing with other modulation formats, the probability of correct identification is reduced for 64-QAM when laser linewidth is 2 MHz, which indicates that the DC value will be effected by the laser phase noise. Fortunately, the linewidth of commercial laser can reach 100 kHz or even 5 kHz.
In the simulation investigation, we also take frequency-offset into account. Considering the FFT based frequency-offset estimation accuracy with a range of [−symbol rate/8, +symbol rate/8], the values of frequency-offset are set as 500 MHz, 1 GHz and 2 GHz. Fig. 8 shows the probability of correct identification after frequency-offset compensation. The 7% FEC thresholds for 28 Gbaud QPSK, 16-QAM and 64-QAM are illustrated by the vertical dotted lines. The results show that the proposed MFI method can tolerate frequency-offset, and can achieve MFI with lower OSNR values than their respective FEC thresholds.
We also evaluate the proposed MFI method for polarization -division multiplexing (PDM) system with different transmission distance. The OSNR of each modulation format equals to 12 dB, 18 dB, 24 dB, respectively. Polarization mode dispersion (PMD) can be equalized using the CMA. Fig. 9 shows 100% probability of correct identification can be realized for PDM QPSK, PDM 16-QAM and PDM 64-QAM signals, indicating that the proposed MFI method can also be applied to the PDM transmission system.
Experimental Results
To verify robustness of the proposed MFI method, we conduct 10 Gbaud transmission experiments, as shown in Fig. 10 . At the transmitter side, a 5 kHz linewidth continuous-wave (CW) laser with the wavelength of 1550 nm is used. Using an arbitrary waveform generator (AWG) and IQ modulator, the CW laser is modulated as 10 Gbaud QPSK, 16-QAM, and 64-QAM. The length of PRBS in the experiment is 2 31 -1. The polarization multiplexer is composed of a polarization beam splitter (PBS), a polarization beam combiner (PBC) and an optical delay line. The optical signal is then amplified to 0 dBm and launched into an EDFA based fiber recirculating loop. An optical attenuator is placed after EDFA to adjust OSNR. The OSNR of optical signal can be monitored using optical spectrum analyzer (OSA). At the receiver side, the signal is digitized by 50 GSa/s real-time scope after coherent detection and apply offline DSP. We collect 30 data sets under different conditions. We start to experimentally evaluate the proposed MFI performance for B2B system. Fig. 11 shows that the proposed MFI method can tolerate a relative wide range of OSNR for QPSK systems (≥ 6 dB), 16-QAM systems (≥12 dB) and 64-QAM systems (≥ 6 dB).
To further verify the feasibility of proposed MFI method, we test long-haul transmission performance with different launch optical power. We use the overlap frequency domain equalization (OFDE) algorithm to compensate CD. Fig. 12 shows the probability of correct identification of proposed MFI method with different transmission distance, which indicates that proposed MFI method can be performed with long haul transmission. Due to the low OSNR (8.53 dB) after 900 km SSMF transmission, the probability of correct identification for 16-QAM starts to decrease.
Then, the fiber nonlinearity tolerance of proposed MFI method is investigated. The fiber nonlinearity is related to launch optical power. We consider that the fiber length is 500 km and the launch optical power is varied in the range of −3 dBm ∼ +5 dBm. In Fig. 13 , the results show that the proposed MFI can be well performed when the launch optical power is up to +3 dBm. However, higher nonlinearity-induced noise power caused by increased launch optical power (ࣙ+4 dBm) will lead to lower signal to noise ratio (SNR). As a result, the probability of correct identification is reduced for 16-QAM because of the lower SNR. Compared with the launch optical power of up to +3 dBm in Refs. [9] - [15] and up to 3.5 dBm in Ref. [18] , the launch optical power range of our method is normal. Fig. 11 . Correct probability of proposed MFI method for B2B system and the launch optical power is 0 dBm. Finally, we investigate the performance of proposed MFI method to for PDM system after 500 km SSMF transmission. The proposed MFI is performed after the CMA equalization. Fig. 14 indicates that the proposed MFI method is also suitable for PDM system with long haul transmission. The results in Figs. 11-14 demonstrate the proposed MFI method is effective in the experimental environment.
In our proposed MFI method, the value of DC component can be evaluated by calculating the summation of the received data. The most complicated process in computation is the sorting block, which has a complexity of O (N log N) . In this study, we only covered three commonly-used modulation formats QPSK, 16-QAM and 64-QAM. However, other formats such as 8-QAM and 32-QAM can also be identified with the proposed MFI method. Because of different distributions of modulated phase and amplitude for 8-QAM and 32-QAM signals, we can perform MFI by choosing the proper rotation region and angle. Fig. 13 . Correct probability of proposed MFI method with different launch power and the fiber length is 500 km.
Fig. 14. Correct probability of proposed MFI method for PDM system with transmission of 500 km and launch optical power is 0 dBm.
Conclusion
In this paper, we propose a blind modulation format identification method for coherent receivers. By calculating the ratio of DC value with and without phase rotation of partial received signal, simulation and experimental results for three commonly-used modulation formats demonstrate that the proposed modulation format identification can perform an identification with lower OSNR values than the 7% FEC thresholds. Extensive training process is not required in the proposed method. Furthermore, the modulation format identification algorithm works well for launch power up to +3 dBm.
